Introduction
In this paper the authors perform a study of chemical structure dependence of separation methods' parameters among different conditions. Special attention was paid to effects of derivatization processes of analytes for the chiral recognition of permethylated β-cyclodextrin.
The chiral or asymmetric molecules cannot superimpose with molecules which are their mirror images [1] . A chiral molecule and its mirror image isomer are together called an enantiomeric pair. The members of enantiomer pairs are distinguished with (R) and (S) prefix according to Chan-Ingold-Prelog rules [2] . An old assignment of enantiomer pairs are the (+) and (-) symbols. Negative and positive symbols show the direction of torsion of polarized light (486 nm) in the solution of given enantiomer.
Enantiomeric pairs can show rather different biological effects, in spite of their very similar structures [3, 4] . The Contergan Scandal was a tragic example for the different effects of enantiomers. The Contergan (Thalodimide) a sedative pill was sold as mixtures of members of enantiomers. The (R) isomer was harmless, but the (S) caused serious birth defects [5] . The possible biological difference between members of enantiomeric pairs has forced the authorities to introduce the directives of enantiomeric pure medicines [6] . These directives expect to commercialize only one member of an enantiomeric pairs. A product can contain less than 0.1% of the other members of the enantiomeric pair. The requirement of chiral pure medicines makes the chiral selective analyses necessary.
Enantiomeric separations or chiral selective separations are a very challenging branch of chromatography [7] . The members of enantiomeric pairs are indistinguishable in homogeneous space. Their separations require a chiral separation agent: chiral stationary phase (CPS) or chiral mobile phase additives (CMA). The chiral separations need simultaneous three point interactions between the selectors and selectands [8] . It is not enough to have appropriate types of interaction groups in selector and selectand, but their appropriate steric arrangements are also required for the three point interactions. The separation of a given enantiomeric pair needs "tailor made" separation agents, which has its three interaction groups in appropriate steric arrangements. Trial and error method are used in several occasions to find the appropriate separation agent for the required chiral separation.
An efficient chromatographic system can separate enantiomeric pairs having only 0.1 kJ/mol interaction energy difference toward to the chiral separation media [9] .
The chiral separations can be improved to choose appropriate derivatives of enantiomeric pairs and selectors [10, 11] .
Our aim is to flash the theoretical background of successful chiral separations. This paper shows that the acidic hydrogen of acids can improve their chiral recognition via hydrogen bonds comparing the methyl ester derivatives of the these acids. Using our results may help to find the appropriate combinations of selector-selectand pairs for chiral separations in a more effective way than only the application of trial and error method.
Ibuprofen was chosen as model compound and starting material for further studies. Ibuprofen is an important nonsteroidal anti-Inflammatory drug (NSAID) used in the treatment of pain and inflammation in a variety of musculoskeletal and rheumatic disorders [12] . Ibuprofen, like other 2-arylpropionate derivatives (including ketoprofen, flurbiprofen, naproxen, etc.), does contain an asymmetric stereo center in the α-position of the propionate moiety. As such, there are two possible enantiomers of ibuprofen, with the potential for different biological effects and metabolism for each enantiomer [13, 14] . Indeed, the (S)-(+)-ibuprofen was found to be the active form both in vitro and in vivo. It was logical, then, that there was the potential for improving the selectivity and potency of ibuprofen formulations by marketing ibuprofen as a single-enantiomer product (dexibuprofen) [15] . Further in vivo testing, however, revealed the existence of an isomerase (alpha-methylacyl-CoA racemase), which converted (R-)-ibuprofen to the active (S+)-enantiomer [16] .
Enantiospecific analytical methodology is suitable for the determination of the enantiomeric ratio of the drug and its metabolites. The determination of enantiomeric ratio is essential in order to evaluate the significance of stereoselectivity both in terms of drug action and disposition. Enantiomer selective GC [17] , HPLC [18] , SFC [19] and CE [20] methods have been developed for the ibuprofen. Many of these methods use cyclodextrins as chiral selective agents. In this study, the stereo selective separation mechanism of ibuprofen has been studied using permethylated-β-cyclodextrin as chiral selective agent. The sterical arrangements and thermodynamic parameters of interactions between the permethylated-β-cyclodextrin and enantiomers of ibuprofens have been established. The methodology of our report is same as the one used in our previous studies [21, 22] . It was established, that ibuprofen and its methyl ester derivatives have different chiral recognition mechanism among GC conditions. These results were compared and interpreted with the literature data. Our data was compared to literature data of CE separations referring to the selectivity differences between undissociated and the dissociated forms of ibuprofens toward to β-cyclodextrin.
Experimental

Compounds
The (R,S)-Ibuprofen or (R,S)-2-(4-(2methylpropyl)-phenyl)-propionic acid, Nitroso(N)-methyl-carbamide methylation agent, n-hexane and diethyl ether are product of Sigma-Aldrich.
Instrumental
The samples were measured on Shimadzu QP5000 GC/MS instrument (Shimadzu Inc., Kyoto, Japan). The experimental conditions were the following: column, 25 m x 0.22 mm FSOT; stationary phase, Cydex-B (0.25 m); (SGE); carrier, He. The used chiral selective stationary phase (Cydex-B) is a mixture of silicone polymer and permethylated-β-cyclodextrin.
Procedures
Methyl ester of ibuprofen was synthesized by standard methylation procedure with Nitroso(N)-methyl-carbamide via diazomethane intermediate [23] . The retention times of free acid and methyl esters of ibuprofen were measured at least 4 times in different temperatures. This data was sufficient for thermodynamic calculations.
Results
The structural formulas of enantiomers of ibuprofen (RS)-2-(4-(2methylpropyl)-phenyl)-propionic acid are presented in Figure 1 . 
The corresponding methyl esters of ibuprofen were graphically illustrated (Fig. 3 ), chromatograms were measured (Figure 4 ), calculations (Table 2) were done and equations established (Table 2 ) with similar to free acids. The peaks of ibuprofen-methyl ester had excellent symmetrical peak shapes. The quantitative determination of secondly eluting isomer can be done without difficulties even if it had only 0.1 % ratio at 100C. The symmetrical peaks of methyl esters showed high efficiency (4570 theoretical plates/meter), but the tailings of free acids produced broader, less efficient peaks (2150 theoretical plates/meter). Esters with longer alky chains or branching (e.g. ethyl, propyl, isopropyl) probably result in less selectivity than methyl ester, similar to amino acids, and pyrethroid acids [24] .
Other derivatives of cyclodextrins have been also applied for chiral GC separation of ibuprofen [25, 26, 27] . Comparing the results of different separations, the permethylated-β-cyclodextrin based stationary phases show the highest selectivity toward the free acid of ibuprofen.
It is very edifying to compare the results to those from the literature by CE obtained for the same enantiomer pairs [28] . The effect of temperature on the electrophoretic chiral separation of ibuprofen with β-CD was investigated. Ibuprofen has a temperature independent pK a value of 4.36. At that same temperature (t = 25 O C), formation constants K 1 for the uncharged enantiomers (at pH 4.20) are approximately just the same (10 4 M). The formation constant K 2 for the charged form, determined at pH 6.55, where only interaction between the fully charged ibuprofen and β-CD takes place, is 5.10 3 M for both isomers. From the temperature dependence of these chiral formation constants, we have calculated the corresponding thermodynamic parameters, and the results obtained we have compared to our results (Table 3) . Table 3 The effect of temperature on the chiral interaction parameters between ibuprofen and β-CD at ionic strength 10.0 mMol / L [28] t ( The thermodynamic parameters were calculated from van't Hoff relation:
Wherein the notation is the same as explained earlier. As it is visible, the values obtained for K 1 are higher, as was the case with K 2 . It can be seen that both K 1 and K 2 decrease monotonously with increasing temperature. The negative sign of ΔH (exothermic effect) indicates a decrease of enthalpy, due to the release of high energy water out of the cyclodextrin cavity, and forming of more stable bonds with complexants. The negative sign of ΔS alludes to a decrease of entropy, due to complex formation, which consequently results in a decrease of the degree of freedom of the components involved in the interaction. As expected, the dominant force for analyte binding arises from enthalpy changes.
There is a similarity between derivatization by ester-formation and the dissociation equilibrium of ibuprofen. The ester and the uncharged forms are most apolar and consequently give rise to most stable inclusion complexes. This conclusion is demonstrated by in the Table 3 recapitulated experimental results.
As expected, the selectivity grows with increasing β-CD concentration and dropping temperature in the measured range. The calculated selectivity maximum in the function of concentration of selector is higher than the saturation concentration of β-CD. In CE, the maximum of the resolution of enantiomers show a maximum curve in the function of selector concentration according to the Wren equation [29] . Namely the concentration values of selector are in first degree in the numerators, but they are in the second degree in the denumerators.
Other derivatives of cyclodextrins have been also applied for chiral separation of ibuprofen in CE [30] [31] [32] [33] . Good separations were achieved using amino substituted permethylated 6-monoamino-6-monodeoxy-β-cyclodextrin and heptakis(2,3-dimethyl-6-amino-6-deoxy)-β-cyclodextrin, because the oppositely charged selectors and selectand can show high resolutions in CE [29] .
The heptakis(2,3-di-O-methyl-6-amino)--CD proved the best selector ( Figure 3 ). Even 0.5 mMol concentration of this selector produced R s 2.18 value.
The retention or migration orders of the enantiomers are a very important factor in the determination of trace impurities [34, 35] . The tailing of the major peak can mask that of the minor compounds if the minor is coming later. The S isomers of ibuprofen elutes first in every instance using cyclodextrin base stationary phases in GC. On the other hand, the migration orders of enantiomers can be reverse in CE according to which isomers the minor components are. The first migrating peak is R isomer of ibuprofen using permethylated 6-monoamino-6-monodeoxy-β-cyclodextrin selector [32, 33] . The S isomer of ibuprofen is the first migrating peak using heptakis(2,3-dimethyl-6-amino-6-deoxy)-β-cyclodextrin [32] . The selectivity mechanis of the two selectors are the same, but migration directions are opposite with these selector, because the electroosmostic flow is reverse in the case of heptakis(2,3-dimethyl-6-amino-6-deoxy)-β-cyclodextrin. 
Conclusion
There is a visible analogy between the derivatization (esterification) and the acidbase dissociation equilibrium. In the both cases the undissociated acid forms give birth with cyclodextrins more selective inclusion complexes, although the fine mechanism of complex formation differs.
Specifically for the chiral separation parameters, it was observed that the stability constant and the selectivity values decrease with increasing temperature, with negative values for both free energy and entropy changes. This means that when optimizing a chiral separation, using the present model, a different operating temperature may lead to different optimized conditions: selectivity will generally be lower at elevated temperatures.
The general rule can be drawn from our results. High resolution can be achieved for enantiomer of nonsteroidal anti-inflammatory drugs using permethylated-β-cyclodextrin containg chiral stationary phase in GC. The free acids show higher selectivity than methyl ester derivates, but show significant tailing of the peaks. Methyl esters of these enantiomers are recommended derivatives for their GC analysis.
Very high resolutions can be achived for the nonsteroidal anti-inflammatory drugs using aminosubstituted derivatives of cyclodextrins among CE conditions.
